Abstract. The amino acid sequences of 22 ␣-amylases from family 13 of glycosyl hydrolases were analyzed with the aim of revealing the evolutionary relationships between the archaeal ␣-amylases and their eubacterial and eukaryotic counterparts. Two evolutionary distance trees were constructed: (i) the first one based on the alignment of extracted best-conserved sequence regions (58 residues) comprising ␤2, ␤3, ␤4, ␤5, ␤7, and ␤8 strand segments of the catalytic (␣/␤) 8 -barrel and a short conserved stretch in domain B protruding out of the barrel in the ␤3 → ␣3 loop, and (ii) the second one based on the alignment of the substantial continuous part of the (␣/␤) 8 -barrel involving the entire domain B (consensus length: 386 residues). With regard to archaeal ␣-amylases, both trees compared brought, in fact, the same results; i.e., all family 13 ␣-amylases from domain Archaea were clustered with barley pI isozymes, which represent all plant ␣-amylases. The enzymes from Bacillus licheniformis and Escherichia coli, representing liquefying and cytoplasmic ␣-amylases, respectively, seem to be the further closest relatives to archaeal ␣-amylases. This evolutionary relatedness clearly reflects the discussed similarities in the amino acid sequences of these ␣-amylases, especially in the bestconserved sequence regions. Since the results for ␣-amylases belonging to all three domains (Eucarya, Eubacteria, Archaea) offered by both evolutionary trees are very similar, it is proposed that the investigated conserved sequence regions may indeed constitute the ''sequence fingerprints'' of a given ␣-amylase.
Introduction
␣-Amylases (EC 3.2.1.1) are widely found enzymes capable of hydrolyzing the ␣-1,4-glucosidic bonds in starch. These enzymes constitute two sequence families (13 and 57) in the sequence-based classification of glycosyl hydrolases (Henrissat and Bairoch 1996) . Although it has recently been shown that both the extant ␣-amylase families, 13 and 57, may share a common distant ancestor (Janeček 1998) , the two families still have to be elucidated separately. Family 57 of ␣-amylases comprises a few amylolytic enzymes predominantly from hyperthermophiles (Bauer et al. 1998 ). The present study deals with family 13 ␣-amylases (for a recent review, see Janeček 1997) , which involves more than one hundred ␣-amylases belonging to all the three domains of life: Eucarya, Eubacteria, and Archaea.
We have recently cloned and sequenced a gene coding for a family 13 ␣-amylase from the hyperthermophilic archaeon Thermococcus hydrothermalis. The full nucleotide and amino acid sequences of this ␣-amylase will be presented elsewhere, together with the description of its biochemical properties (E Lévêque, M Ned-jma, B Haye, A Belarbi, submitted). Here we focus on the identification of the best-conserved sequence regions of the T. hydrothermalis ␣-amylase, which allows us to predict roughly the structural features of this archaeal ␣-amylase, mainly the most important ␤-strands of the parallel (␣/␤) 8 -barrel fold. Since the most detailed evolutionary study published so far dealt only with microbial (eubacterial and fungal), plant, and animal ␣-amylases (Janeček 1994) , the main goal of the present work was to reveal the evolutionary relationships of archaeal ␣-amylases to their eubacterial and eukaryotic counterparts.
Materials and Methods
All ␣-amylases used in the present study are listed in Table 1 . All known archaeal ␣-amylases with determined sequence were used. As far as the ␣-amylases from Eubacteria and Eucarya are concerned, respectively, they were chosen as representatives of previously identified evolutionary related groups (Raimbaud et al. 1989; Janeček 1994 Janeček , 1995 Janeček , 1997 Jespersen et al. 1993; Janeček et al. 1997) . Thus the studied ␣-amylases represent a wide spectrum of taxonomically different species. There are representatives for liquefying (Bacillus licheniformis) as well as saccharifying (Bacillus subtilis and Lactobacillus amylovorus) bacterial ␣-amylases, intracellular ␣-amylases (Escherichia coli), and ␣-amylases from actinomycetes (Streptomyces albidoflavus), which, along with the ␣-amylase from Alteromonas haloplanctis (psychrophile), form one closely related group, with animal ␣-amylases represented by the enzymes from Drosophila melanogaster (insects), shrimp (sea animals), chicken (birds), and human saliva and pig pancreas (isozymes of mammals). The eubacterial set is further completed by two ␣-amylases, those from the facultative anaerobe Aeromonas hydrophila and the extremal thermophile Thermotoga maritima. As for the remaining eukaryotic ␣-amylases, the two ␣-amylase pI isozymes from barley cover all plant ␣-amylases, and the ␣-amylases from Aspergillus oryzae and Cryptococcus sp. cover all fungal and yeast enzymes, respectively.
In each ␣-amylase amino acid sequence the conserved sequence regions were identified to give a set of aligned sequence stretches that then served for calculation of an evolutionary distance tree. Another similar tree was constructed for all studied ␣-amylases based on the sequence alignment of the large segment cut out from each ␣-amylase, which corresponded with the part of their (␣/␤) 8 -barrel domain from the start of strand ␤2 to the end of strand ␤8 (involving the domain B positioned in the loop3). All sequence alignments were performed using the program CLUSTAL W (Thompson et al. 1994 ) and then manually tuned where applicable. The method used for building the trees in both cases was the neighbor-joining method (Saitou and Nei 1987) . The Phylip format tree output was applied using the bootstrapping procedure (Felsenstein 1985) ; the number of bootstrap trials used was 1000. The trees were drawn with the program Tree View (Page 1997) .
Results and Discussion
The extracted conserved sequence regions of the studied archaeal, eubacterial, and eukaryotic ␣-amylases are Dong et al. 1997 (GenBank: AF001268) . c This sequence is not available from a sequence database.
shown in Fig. 1 . These regions comprise most of the ␤-strand segments forming the catalytic (␣/␤) 8 -barrel domain as well as the short pentapeptide stretch located near the C terminus of the very long loop3 (in the ␤3 → ␣3 connection), which forms, in fact, a small distinct domain, called domain B . They may be taken as the ''sequence fingerprints'' of a given ␣-amylase since they involve most of the common amino acid residues important from both the functional and the structural points of view and often contain the residues highly characteristic of an individual ␣-amylase (Janeček 1997) . Figure 1 offers the opportunity to trace the sequence features exclusive for the ␣-amylases from archaeons (unless otherwise specified, all amino acid numbering throughout the text corresponds to mature ␣-amylase from Thermococcus hydrothermalis): Ile42, Pro48-Pro49, Ile107, Ile165, Ala194-Trp195, Tyr199, Gly202, Ala219, Tyr223-Trp224, Ala286, Gln309, Ile312-Phe313-Tyr314, and Asp316 (compare the boxed residues in Fig. 1) . From sequence comparison of the conserved sequence regions of T. hydrothermalis ␣-amylase with the rest of family 13 ␣-amylases (Fig. 1) , it is evident that the ␣-amylase from T. hydrothermalis (i) clearly ranks among the ␣-amylase family 13; (ii) adopts an (␣/␤) 8 -barrel structure, with domain B protruding out of the barrel between strand ␤3 and helix ␣3; and (iii) contains the three amino acid residues playing the catalytic role, which are the Asp198, Glu222, and Asp289 in strands ␤4, ␤5, and ␤7, respectively.
The presence of the residues highly characteristic of all the archaeal ␣-amylases in the enzymes from other kingdoms indicates the candidates for closest relatives to archaeal ␣-amylases. As is easily seen from Fig. 1 , the plant ␣-amylases contain most of the archaeal sequence features, especially those connected with strand ␤4 around the catalytic aspartate residue (Asp198). It should be pointed out that the tryptophan equivalent with Trp195 of T. hydrothermalis ␣-amylase is present in 16 out of 17 plant ␣-amylases available in the SWISS-PROT (Barioch and Apweiler 1998) and GenBank (Benson et al. 1998) databases, and the glycine corresponding to Gly202 of the archaeal ␣-amylase is found at the end of this region of all plant ␣-amylases. While no special role for tryptophan equivalent to Trp195 has been assigned in the structure of the barley ␣-amylase-acarbose complex, the glycine corresponding to Gly202 provides in the plant enzyme a specific ligand for calcium ion (Kadziola et al. 1998) . It is worth mentioning that no other ␣-amylase from more than 100 available in the sequence databases contains either the tryptophan or the glycine in this region except for the ␣-amylase from Dictyoglomus thermophilum AmyB (Horinouchi et al. 1988) containing the glycine at the end of the ␤4-strand region (Š . Janeček, unpublished results). As far as the tryptophan residue in position i + 2 from the ␤5-strand catalytic glutamic acid is concerned (Trp224), its equivalent forms a stacking interaction with one of the acarbose rings bound in the active site of barley ␣-amylase (Kadziola et al. 1998). This residue is again perfectly con- Table 1 . The best-conserved parts of an ␣-amylase sequence comprise strands ␤2, ␤3, ␤4, ␤5, ␤7, and ␤8. There is also a short conserved sequence stretch located near the C terminus of the longest loop connecting strand ␤3 amd helix ␣3 (loop 3). The three proposed catalytic residues (Asp, Glu, and Asp in strands ␤4, ␤5, and ␤7, respectively) are marked by asterisks. The sequence features highly characteristic of archaeal ␣-amylases are boxed. A residue is written in the consensus sequence (consensus) if it is present in more than half of the ␣-amylases. served in and highly characteristic of both plant and archaeal ␣-amylases and is, moreover, present in the ␣-amylases from B. licheniformis and E. coli (Fig. 1) .
In order to draw relevant evolutionary conclusions, an evolutionary tree ( Fig. 2A) was constructed based on the alignment shown in Fig. 1 . For comparison, a similar tree (Fig. 2B ) was calculated that was based on the alignment of a continuous segment starting with the ␤2-strand and ending with the ␤8-strand and involving the entire domain B in the ␤3 → ␣3 loop connection (the alignment is not shown). Both the trees equally clearly demonstrate the evolutionary relatedness of archaeal and plant ␣-amylases. It is evident that these revealed evolutionary relationships are dictated by the similarities in the extracted best-conserved sequence regions (Fig. 1) as well as in the remaining less-conserved parts of their sequences (not shown). Interestingly, the archaeal Sulfolobus solfataricus ␣-glucosidase from family 31 of glycosyl hydrolases was also clustered together with eukaryotic (plant, fungal, and mammalian) counterparts (Rolfsmeier et al. 1998 ). This observation, along with the results of this study, may support the view that the archaeal and eukaryotic pathways of carbohydrate metabolism could have a common evolutionary origin. At least the partial explanation of the close evolutionary relatedness between archaeal and plant ␣-amylases described here can be provided by analogy with enzymes of central carbon metabolism, such as transketolase (Martin and Schnarrenberger 1997) , whose mitochondrial, cyanobacterial (i.e., plant ancestral), and archaeal (i.e., eukaryote ancestral) genes might have persisted to the present in nuclear genomes.
Despite the fact that the archaeal and plant ␣-amylases are placed on the adjacent branches of a larger common cluster, they still retain their own evolutionary originality (documented by the long archaeal as well as plant branches). In these terms the position of the ␣-amylase from B. licheniformis, close to the archaeal and plant enzymes in both trees (Fig. 2) , should be of interest. This ␣-amylase represents the liquefying ␣-amylases. When taking into account the fact that the archaeal ␣-amylase from T. hydrothermalis is also a liquefying ␣-amylase (E. Lévêque, unpublished results), it seems reasonable to point out that the evolutionary trees may reflect the mode of action of ␣-amylases, too. If so, then the residues common to B. licheniformis and archaeal ␣-amylases highlighted in Fig. 1 might become the useful candidates for mutagenesis studies aimed at elucidating the residues responsible for liquefying properties of ␣-amylases. This could be of special importance since the residues responsible for the hyperthermostability of B. licheniformis ␣-amylase are known, together with its three-dimensional structure (Declerck et al. 1995; Machius et al. 1995) .
The similar results of both trees (Fig. 2) indicate that, when drawing the main features of evolutionary relations among ␣-amylases, it is not absolutely necessary to work with the entire sequences; i.e., it is satisfactory to use only the best conserved sequence regions (Fig. 1) . These regions thus may be considered to be the ''sequence fingerprints'' of a given ␣-amylase. On the other hand, it should be pointed out that using only the four wellestablished conserved sequence regions covering strands ␤3, ␤4, ␤5, and ␤7 (e.g., Nakajima et al. 1986 ) may be risky since it is evident that some residues characteristic of a given ␣-amylase can be found just in strands ␤2 and ␤8 or even in the short conserved sequence region positioned near the C terminus of domain B . The observation of this phenomenon can be extended to the entire ␣-amylase family (Janeček 1997) . Table 1 . The trees are based on the alignment of the conserved sequence regions shown in Fig. 1 (58 residues) A and on the alignment of a substantial part of the (␣/␤) 8 -barrel involving the domain B protruding out of the barrel in the ␤3 → ␣3 loop (consensus length: 386 residues) B. The branch lengths are proportional to the sequence divergence. Numbers along branches are bootstrap values (1000 replicates). In tree A the ␣-amylase from Pyrococcus sp. occupies the same position as the ␣-amylase from T. profundus.
